Although well known for its role in apoptosis, the executioner caspase DrICE has a non-apoptotic function that is required for elongation of the epithelial tubes of the Drosophila tracheal system.
Epithelial tubes of precise sizes are essential for gas exchange and nutrient delivery in animal tissues. Failure of correct tube sizing can lead to fatal disease 1, 2 , yet the cellular and molecular mechanisms that regulate tube size remain poorly understood. To uncover these mechanisms, we study the tracheal system of the Drosophila embryo, a ramifying tubular network that serves as the fly's combined pulmonary and vascular systems 3 .
The diameter of the largest tube in the tracheal system, the dorsal trunk (DT), increases two-fold as length increases ~15% over a 2.5 h period during mid-embryogenesis, and it does so with no accompanying changes in cell number 4 ; DT dimensions are regulated by a complex set of interacting pathways that all rely on the endocytic system. An apical/lumenal extracellular matrix (aECM) that restricts elongation depends on regulated secretion and endocytosis of matrixmodifying proteins such as Serpentine (Serp) 5 . Basolateral cell-junctional complexes called Septate Junctions (SJs) also restrict DT dimensions. SJs contain a diverse range of proteins including the claudin-family member Kune-Kune (Kune) and the FERM-domain protein Yurt (Yrt) 6, 7 . As with the aECM, formation and maintenance of SJs require endocytic trafficking 8 . Apicallylocalized regulators of DT dimensions also interact with the endocytic pathway, including the polarity protein Crumbs (Crb), the transmembrane protein Uninflatable (Uif), atypical Protein Kinase C (aPKC), and the non-receptor tyrosine kinase Src42A 3, [9] [10] [11] The endocytic system therefore plays a central role in regulating diverse tracheal size determinants, but how the endocytic pathway is itself regulated in this context is poorly understood.
One candidate pathway that could regulate intracellular trafficking is the highly conserved Hippo Network (HN), which controls growth in diverse organisms and tissues 12 . Organ growth is promoted upon nuclear translocation of the HN effector Yorkie (Yki) in Drosophila, or its mammalian homolog Yes-Associated Protein (YAP). Yki and YAP are transcription factors that activate genes required for growth and resistance to apoptosis, including the Inhibitors of Apoptosis (IAPs), which inactivate caspases 13 . When Yki/YAP activity is low, organ size is typically reduced due to apoptosis resulting from derepressed caspase activity 14 . However, we previously observed that loss of Yki or Drosophila Inhibitor of Apoptosis (DIAP1) causes overelongated trachea despite a normal number of cells. Thus, Yki and DIAP1 regulate tube size independently of apoptosis 15 .
Here, we show that the caspase-3 homolog DrICE acts downstream of Yki and DIAP1 to regulate tracheal elongation. Instead of causing cell death, DrICE regulates endocytic trafficking of tracheal size determinants. This work reveals a novel intersection of the HN, caspases and the endocytic system that has critical functions during normal development. Consistent with previous evidence that mammalian caspases can control endocytic trafficking during apoptosis 16 , we propose a model in which regulation of endocytic trafficking is an evolutionarily conserved function of caspases that can be activated with or without triggering cell death, to contribute to morphogenesis or apoptosis, depending on cellular context.
RESULTS

DrICE is necessary and sufficient for tracheal elongation downstream of the Hippo
Network
We previously showed that DrICE is required for tracheal dorsal trunk elongation, potentially downstream of the HN 15 We tested whether reduction of DrICE could suppress the long tracheal phenotypes caused by mutations in Yki, or its transcriptional target DIAP1, which is encoded by the thread (th) locus 15, 18 . Single loss-of-function mutants yki B5 and th J5C8 mutants each have elongated trachea that follow irregular sinusoidal paths ( Fig. 1b, We then asked if DrICE expression is sufficient to drive tracheal elongation without increased upstream HN activity by expressing UAS-DrICE in the tracheal system using the breathless (btl)-Gal4 driver 20, 21 . This overexpression results in elongated tracheae without obvious cell death, similar to yki B5 and th J5C8 mutants (Fig. 1c ,m and 2i-j'''). DrICE is therefore necessary and sufficient to drive tracheal elongation.
Tracheal cells are not refractory to apoptosis
Although the executioner caspase DrICE is necessary for tracheal elongation, few (<3%) tracheal cells undergo apoptosis during wild-type morphogenesis. 22 This raises the question of how a caspase can act in a developmental process without triggering apoptosis. We investigated the possibility that apoptosis maybe disabled in the developing trachea by analyzing loss-of-function mutants for the caspase inhibitor DIAP1 (th J5C8 ). We previously showed that th J5C8 mutant embryos with contiguous dorsal trunks have elongated trachea despite a WT number of cells 15 , but a more comprehensive analysis of th J5C8 mutants here revealed that the majority of th J5C8 embryos, are in fact missing dorsal trunk segments ( Fig. 1i ). Strikingly, 25% of heterozygous th J5C8 embryos displayed missing tracheal segments ( Fig. 1l ), suggesting that tracheal cells are capable of undergoing caspase-mediated apoptosis.
To directly test the apoptotic potential of tracheal cells, we expressed the pro-apoptotic genes Grim and Reaper 23 in the developing trachea using the btl:Gal4 tracheal driver. Overexpression of Grim largely eliminates the tracheal system ( Fig. 1g ). Reaper overexpression results in the loss of one or two tracheal dorsal trunk segments in most embryos, similar to the homozygous th J5C8 mutant phenotype (Fig. 1h ,i). Critically, the lethal effects of Grim overexpression are dominantly suppressed by one copy of the DrICE 17 allele (Fig. 1j ), and homozygous DrICE 17 blocks the ability of Grim to destroy the tracheal system ( Fig. 1k ). Taken together, these results demonstrate that tracheal cells are not refractory to apoptosis-they have a functional caspase-dependent apoptotic system that does not kill cells during normal development, despite the requirement for DrICE in tracheal elongation.
A pool of DrICE localizes to punctae enriched at the tracheal apical surface
To explore the mechanism by which DrICE mediates tracheal elongation, we tested whether DrICE might be spatially compartmentalized in non-apoptotic cells. Staining with the a-DrICE SK31 antibody, raised against full-length DrICE protein 24, 25 , produces a diffuse cytoplasmic signal in WT trachea that is greatly reduced in or absent from the nucleus ( Fig. 2a ). Notably, DIAP1, which causes DrICE degradation 24 , is largely nuclear (Fig. 2o ). This reciprocal localization of DrICE and 
DrICE is associated with endocytic compartments
The punctate pattern of a-DrICE CST9478 signal resembles that of intracellular trafficking machinery, suggesting that this pool of DrICE may associate with trafficking compartments. We tested for colocalization of a-DrICE CST9478 signal with markers of endocytic vesicle formation (Clathrin), and for early (Rab5), recycling (Rab11), or late (Rab7) endosomes. Punctate DrICE CST9478 signal partially overlaps with Clathrin (23% overlap, Pearson R= 0.25) and Rab5 ( Fig. 2k -l"), but little colocalization with Rab-11 ( Fig. 2m-m" ). a-DrICE CST9478 signal also showed little colocalization with Rab7 (2% overlap, R=0.12, Fig. 2n -n''), which marks compartments containing cargo destined for degradation in the lysosome, even in VPS32/shrub 4 mutants in which Rab7 is clustered in patches ( Supplementary Fig. 1o ') due to defects in multivesicular body sorting and vesicle formation 26 .
The pool of DrICE defined by a-DrICE CST9478 is therefore positioned to regulate tracheal size by influencing the endocytic trafficking of proteins that determine tracheal size.
DrICE associates with and alters the intracellular trafficking and/or levels of apical tracheal size determinants
Because transmembrane determinants of tracheal tube size including Crb and Uif are known to be trafficked through endocytic compartments 27, 28 , we asked if DrICE associates with compartments containing these proteins. In WT stage 16 tracheae, DrICE CST9478 signal partially overlaps with Uif ( Fig. 2b ", 12% colocalization, Pearson correlation R=0.21) and Crb ( 
DrICE colocalizes with and alters the trafficking of lumenal tracheal determinant Serpentine
We investigated whether DrICE is required for trafficking of lumenal determinants required for tracheal size control, including the putative chitin deacetylase Serpentine (Serp). As with the apical determinant Uif, we found that DrICE 17 suppresses the overabundance of Serp-containing punctae in yrt 65A (p<0.05; Fig. 4f ' quantified in Supplementary Fig. 2b ). Furthermore, overactivation of DrICE resulting from loss of yki decreases the amount of lumenal Serp in tracheal anterior, a phenotype that is partially suppressed by DrICE 17 (p<0.0005; green in Fig.   4m -p" and Supplementary Fig. 2c ). DrICE therefore affects trafficking of lumenal tracheal size determinants and mediates the effects of the HN on their trafficking.
DrICE alters the trafficking of tracheal junctional components
We tested whether DrICE mutants exhibited alterations in trafficking of basolateral junctional components, which are known to be constitutively recycled through the endocytic system through tracheal development 30, 31 . Immunostaining for the claudin Kune-Kune (Kune) and for Melanotransferrin (MTf) revealed that junctional and overall levels of Kune are reduced in yki B5 trachea (p<0.05; Fig. 4r and Supplementary Fig. 2d ), and in trachea overexpressing DrICE ( Fig.   4b '), both conditions in which DrICE is elevated. Conversely, in DrICE 17 mutants, strong ectopic staining for Kune and MTf is apparent at the apical (lumenal) surface and overall levels of Kune are increased (Fig. 4s ,v and Supplementary Fig. 2d ). Unexpectedly, however, SJ components were not always negatively regulated by DrICE. For example, in DrICE 17 mutants, overall levels of MTf are reduced, while those of Kune are increased ( Supplementary Fig. 2d ). Moreover, levels of Discs Large (Dlg), a conserved basolateral polarity protein, were increased in yki B5 mutant trachea, whereas Kune and Mtf levels were decreased (Fig. 4r, u and Supplementary Fig. 2d , f').
Together, these results reveal that DrICE activity can modulate the trafficking of cargo at both the apical and basolateral membranes, and at minimum affects the trafficking of at least seven different proteins required for tracheal size control.
DrICE is required for trafficking in non-tracheal epithelia
Is the endocytic function of DrICE a specialized function that only operates in the trachea?
Immunostaining for a-DrICE CST9478 reveals a similar punctate pattern and overlap with Clathrin and other Rabs in the epidermis and hindgut, as in the trachea (Supplementary Fig. 1n and Fig. 4n-n' ), but they appear to increase in yki B5 hindgut ( Fig. 5h') . Critically, the excess of apical Serp in yrt mutant hindgut and epidermis is also suppressed by DrICE 17 (Fig. 5a -f'). DrICE is therefore required for the correct trafficking of apical, secreted, and junctional proteins in multiple developing epithelial tissues.
DISCUSSION
Our work shows for the first time that a caspase regulates endocytic trafficking during normal morphogenesis. Moreover, the caspase activity responsible for the endocytic function does not trigger apoptosis, even though the cells are competent to undergo caspase-mediated apoptosis.
We also demonstrate a previously unidentified link between the Hippo Network (HN) and the endocytic system. While previous studies focused on the effects of the endocytic system on the output of the Hippo Network [32] [33] [34] [35] , we report the converse: the Hippo Network acts as input to the endocytic system that alters endocytic trafficking.
The mechanism by which tracheal cells avoid death in the face of activated caspases may involve spatial compartmentalization of multiple components of apoptotic machinery. First, a pool of The counterintuitive requirement of an executioner caspase to promote growth in an epithelium has not previously been reported in mammals. However, there is in vitro evidence that mammalian caspases regulate endocytic trafficking 16 . For example, Duclos et al. showed that activation of activator and effector caspases in HeLa and HEK293 cells resulted in cleavage of Sorting Nexins 1 and 2 (SNX1 and SNX2), which control intracellular trafficking of specific cargos 37 . Caspase cleavage of SNX resulted in altered activation of the hepatocyte growth factor receptor (HGFR) and ERK1/2 signaling. Additionally, Han et al. showed that caspase-3 cleavage of junctional component Gap43 was required for endocytosis of the AMPA receptor A in non-apoptotic cells in vitro 38 . Together, the previously published in vitro mammalian results and these in vivo Drosophila results suggest a new developmental role for caspase-mediated regulation of endocytic trafficking that is evolutionarily conserved and may also function in mammalian development.
The conserved involvement of caspases in endocytic trafficking raises the possibility that there is a deeper mechanistic connection between apoptosis and trafficking of junctional components. In the current model of apoptosis, caspase-mediated proteolysis of cell junctions results in decreased cell adhesion, which allows an apoptotic cell to be cleanly extruded from an epithelium ( Fig. 4p, middle; reviewed by 39 ). However, in mammals and flies, junctional components are constitutively cycled through the endocytic system even in non-apoptotic epithelia 30, 31, 40 . This presents an opportunity for caspases to alter trafficking of junctional components. Perhaps the ability of caspases to regulate endocytic trafficking arose as an ancient apoptotic function that allowed dying epithelial cells to more efficiently downregulate junctions by using both endocytosis and caspase-mediated proteolysis rather than caspase-mediated proteolysis alone. In this model, caspase-mediated rerouting of endocytosed junctional components to the lysosome allows apoptotic cells to more rapidly and robustly downregulate cell junctions to facilitate epithelial extrusion (Fig. 4p, bottom) . We hypothesize that caspase-mediated alterations in cell junction trafficking has been co-opted in morphogenesis, when growing epithelia require rapid remodeling of junctional components (Fig. 4p, top) .
Experimental evidence from mammalian cerebral ischemic injury supports the proposed model that limited activation of caspases alters junctional endocytosis. During cerebral ischemic injury, blood flow in the brain is blocked, which leads to extensive caspase activation, downregulation of claudin-based tight junctions, and a large and damaging increase in vascular permeability 41 .
Pretreatment of tissue with caspase inhibitors increases junctional continuity and integrity
including junction components claudin-5 and the tight junction marker ZO-1, and ultimately reduces tissue damage. Strikingly, more endothelial cells show caspase activation than undergo apoptosis, suggesting that caspase activation is sufficient to induce junctional downregulation and vascular permeability.
The ability of caspases to regulate endocytic trafficking has significant implications for cancer treatments, which frequently result in caspase activation. Sub-apoptotic activation of effector caspases in surviving tumor cells after anti-cancer treatment could potentially result in reduced junctional integrity, which could further promote epithelial-to-mesenchymal transformation (EMT) and metastasis. Additionally, caspase-driven changes in the trafficking of polarity proteins, such as Crb and aPKC, and of growth factor receptors could also contribute to EMT and disease progression. Consistent with this possibility, previous evidence has indicated that caspase-3 is required for tumor cell repopulation upon irradiation 42 .
In summary, this work reveals a novel function of the effector caspase DrICE during development:
modulating endocytic trafficking of cell junctional components and signaling molecules. Given that mammalian effector caspases can also modulate endocytic trafficking, we propose that regulation of the trafficking of junctional components is a conserved caspase function that can be brought into play during normal morphogenesis or in pathologic conditions by localized, sub-apoptotic caspase activation. (b,d,f,h, j) , which was raised against a peptide containing the DrICE sequence that is cleaved during activation, reveals a more restricted punctate pattern that is enriched at the tracheal apical surface in WT trachea at stage 16 (yellow arrows, b), and even more enriched at earlier developmental stages (Supplemental Fig. 1b,e ). a-DrICE CST9478 signal is reduced in DrICE D1 trachea (h) and elevated in trachea overexpressing DrICE (j). (q-s') Kune signal in stage 16 trachea is reduced in yki B5 mutants (r), and relocalized to the apical surface in DrICE 17 mutants (s). Kune signal is also reduced in the epidermis in yki B5 mutants (r') and is more diffuse and cytoplasmic in DrICE 17 mutants (s'). Dashed yellow lines outline the trachea apical surface in q-s and t-v. Quantification of Kune levels in Supplementary Fig. 2d .
FIGURE LEGENDS
Scale bar for q-v' in v', 5 µm.
(t-v')
MTf signal in stage 16 trachea is reduced in yki B5 mutants (u), and relocalized to the apical surface in DrICE 17 mutants (v). MTf signal is also reduced in the epidermis in yki B5 mutants (u') but is not as strongly affected in DrICE 17 mutants (v'). Quantification of MTf levels in Supplementary Fig. 2d . Scale bar for q-v' in v', 5 µm. trachea, while total Kune levels are increased. w 1118 is used as WT.
(e-g') In the trachea (e-g) and epidermis (e'-g'), the levels of the basolateral septate junction protein Dlg are increased in yki B5 mutants and, in the trachea, reduced in DrICE 17 mutants. This pattern is the opposite of the shown by another septate junction protein, Kune (Figure 4r , Supplementary Fig. 2d ). Yellow lines outline tracheal lumen. Scale bar for e-g' in g', 5 µm. Supplementary Fig. 3: In 
METHODS
Fly Stocks
The following mutant alleles were used in this paper: th J5C8 (Hay et al., 1995) , yorkie B5 , DrICE 17 , DrICE D1 , shrub 4 (Sweeney et al., 2006) , and yurt 65A (Laprise et al., 2006) . DrICE overexpression in the trachea was achieved using the UAS/Gal4 system 
Embryo staining
Parental flies were placed in empty food bottles capped with a molasses-agar plate spread with wet yeast. After 24 hours, plates were removed and embryos were washed with water and fixed using a protocol that largely followed that of Samakovilis et al. (2000) . Embryos were dechorionated with 50% bleach for 4 minutes, and fixed in heptane with a 4% formaldehyde solution for 25 minutes. Embryos were then devitellenized for 1 minute with 100% methanol/Heptane, rehydrated to PBS-T (0.1% Triton-X100) with a methanol series, washed in PBST for 5x5' and then 3x30'. PBS-BT (3% BSA in PBS-T) was used to block for 30 minutes at RT before addition of primary antibody, in which embryos sat for 48 hours at 4 °C. See the attached chart below for appropriate dilutions. PBS-T and PBS-BT steps were repeated on the third day before addition of fluorescent secondary antibodies, in which embryos were kept O/N at 4 °C. The use of the Alexa+ secondaries (see chart for details) was essential to visualize DrICE using the a-DrICE CST9478 antibody as regular Alexa secondary antibodies did not have an adequate signal to noise ratio. On the final day, PBS-T washes were repeated, embryos were dehydrated using an ethanol series, and mounted with methyl salicylate and Permount mounting media (Fisher Scientific, SP15-500).
Image acquisition
Confocal z-stacks were obtained with the 63X objective on the Leica SP8 image format greater than or equal to 2048x2048, pinhole size 0.7AU, and system optimized z-step sizes of approximately 0.2 um. Images were subsequently deconvolved using Leica HyVolution software with a Huygens Essential Automatic setting. All quantification was performed on the resulting images.
Image quantification and general statistics Quantification of junctional components was performed using ImageJ, in which a region of interest in the fifth metamere of tracheal cells was used to calculate the mean pixel intensity of each junctional component. The number of punctae for Crumbs, Uif, or Serp was calculated by acquiring the number of spots with the ImageJ SpotCounter plugin (Gaussian pre-filtering, box size=8, and noise tolerance=20) and then dividing that number by the total area of that region of interest. Each individual embryo's ratio of spots per unit area was then divided by the WT average, and a Student's 2-tailed t-test was used to calculate the p-value.
Tracheal lengths were determined by Volocity Demo 5.5.1 as previously described .
Western blot
Parental flies were placed in empty food bottles capped with a molasses-agar plate spread with wet yeast. After 1 hour, plates were removed and stored in a humid chamber at 25 °C for 18 hours. Embryos were then washed with water and treated with 50% bleach for 4 minutes. The bleached embryos were sorted to collect only homozygous embryos, which lacked the fluorescent marker denoting the presence of the balancer chromosome. Approximately 30 embryos of each genotype were lysed in RIPA buffer using a micropestle, and then incubated on ice for 30 minutes before 15-minute centrifugation at 4 °C. Protein concentration of the resulting supernatant was measured by Nanodrop 2000 Spectrophotometer (ThermoFisher Scientific), and all samples were diluted with RIPA buffer to the same protein concentration before Laemmeli Buffer was added. Samples were denatured using in a boiling water bath for 5 minutes, loaded in a gradient gel and run for 90 minutes at 100V. Transfer of proteins to the nitrocellulose membrane was carried out at 60V for 20 minutes at 4 °C in order to retain low molecular weight caspases. After total protein levels were detected and imaged using the LiCor REVERT total protein stain and Odyssey CLx imaging system (Li-Cor), blots were incubated in blocking solution (5% BSA in TBS with 0.1% Tween20) for one hour, and then in rabbit anti-Drosophila DrICE CST-13085S (1:1000) overnight at 4°C. Fluorescent Li-Cor goat anti-Rabbit IRDye CW800 secondary antibody was then used to detect the resulting bands, and the mean signal for the 47kd band of each genotype was then normalized to the corresponding lane's total protein signal. 
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